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ABSTRACT
Neutron stars are formed in core-collapse supernova explosions, where a large number of neutrinos
are emitted. In this paper, supernova neutrino light curves are computed for the cooling phase
of protoneutron stars, which lasts a few minutes. In the numerical simulations, 90 models of the
phenomenological equation of state with different incompressibilities, symmetry energies, and nucleon
effective masses are employed for a comprehensive study. It is found that the cooling timescale is
longer for a model with a larger neutron star mass and a smaller neutron star radius. Furthermore, a
theoretical expression of the cooling timescale is presented as a function of the mass and radius and it
is found to describe the numerical results faithfully. These findings suggest that diagnosing the mass
and radius of a newly formed neutron star using its neutrino signal is possible.
Subject headings: Core-collapse supernovae — Neutrino astronomy — Neutron star cores — Neutron
stars — Nuclear astrophysics — Supernova neutrinos
1. INTRODUCTION
The mass and radius of neutron stars provide clues
to revealing the properties of high-density nuclear mat-
ter that are characterized by the equation of state
(EOS) (Lattimer & Prakash 2016; O¨zel & Freire 2016;
Oertel et al. 2017; Li et al. 2019). Recently, constraints
on the mass–radius relation have been obtained from ob-
servations of X-ray bursts from neutron star binaries with
low-mass companions (Steiner et al. 2010; O¨zel et al.
2010) and the gravitational wave from a binary neutron
star merger, GW170817 (Abbott et al. 2018). As a re-
sult, EOSs that predict large (&13.5 km) radii of neu-
tron stars are disfavored. Furthermore, very recently,
Riley et al. (2019) and Miller et al. (2019) have obtained
new insights for the mass and radius of PSR J0030+0451
using NICER, which is a soft X-ray telescope launched
in June 2017.
As is well known, neutron stars are formed in core-
collapse supernova explosions. In this process, a large
number of neutrinos are emitted, which were actually
detected for SN1987A (Hirata et al. 1987; Bionta et al.
1987). At that time, mass estimations for the newly born
neutron star were attempted by using the neutrino event
number, which should correspond to the binding energy
of the neutron star emitted as neutrinos (Sato & Suzuki
1987; Lattimer & Yahil 1989). Although there were large
uncertainties owing to low statistics for SN1987A, a sta-
tistically significant constraint will be provided by the
next Galactic core-collapse supernova (Suwa et al. 2019).
In this paper, we investigate how the supernova neu-
trino signal depends on not only the mass but also the
radius of a neutron star. For this purpose, we perform
comprehensive simulations of the neutrino emission from
a protoneutron star (PNS), which is a nascent compact
remnant of a core-collapse supernova. About half of the
neutrinos are emitted within the dynamical phase of a su-
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pernova core, and the others originate from the cooling
stage of a PNS (Nakazato et al. 2013; Mirizzi et al. 2016;
Mu¨ller 2019). In the latter phase, a PNS is almost hy-
drostatic but it is hot and lepton-rich. Since the entropy
and lepton number are reduced by neutrino diffusion, a
PNS evolves into a cold neutron star, which takes about
a few minutes.
The cooling process and neutrino emission of
a PNS have been studied for a few decades
(Burrows & Lattimer 1986; Suzuki 1994; Pons et al.
1999; Roberts 2012). In particular, the effect of
the EOS is one of the central issues in PNS cooling
(Sumiyoshi et al. 1995; Pons et al. 1999; Roberts et al.
2012; Camelio et al. 2017; Nakazato & Suzuki 2019), and
even the phase transitions that lead to black hole forma-
tion have been examined (Keil & Janka 1995; Pons et al.
2001). The impacts of inhomogeneous matter at subnu-
clear densities have also been discussed and it was re-
ported that the neutrino luminosity is insensitive to in-
homogeneous matter and is mainly determined by the
high-density EOS (Nakazato et al. 2018). Nevertheless,
there have been no systematic studies on the EOS depen-
dence except for our previous paper (Nakazato & Suzuki
2019). In this study, we extend our investigations to
further variations of the EOS. Moreover, we present a
formulation of the cooling timescale for PNSs, which de-
pends on their mass and radius, in order to compare it
with our numerical results.
2. SETUP
The numerical methods employed in our simulations
of PNS cooling are basically described in our previous
paper (Nakazato & Suzuki 2019). Quasi-static evolu-
tions of the PNS are computed by solving the Tolman–
Oppenheimer–Volkoff (TOV) and neutrino transport
equations. The neutrino transfer, for which we adopt the
multigroup flux-limited diffusion scheme (Suzuki 1994),
is responsible for the time evolutions of the entropy and
lepton-number profiles. We treat the three species of
neutrinos, νe, ν¯e, and νx (= νµ = ν¯µ = ντ = ν¯τ ), that in-
teract with matter. For the neutrino interactions, while
most of the rates are taken from Bruenn (1985), we in-
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clude neutrino pair processes via nucleon bremsstrahlung
(Suzuki 1993) and plasmon decay (Kohyama et al. 1986).
Further sophistication of the medium modifications of
neutrino opacities (Fischer 2016; Camelio et al. 2017),
such as the nucleon dispersion-relation dependence of
the interaction rates, is deferred to a future work. In
this study, we do not consider effects of additional mass
accretion (Burrows 1988) and convection (Roberts et al.
2012) for simplicity.
The initial conditions of our PNS cooling are adopted
from the numerical results of hydrodynamical simula-
tions as in Nakazato et al. (2013). We compute the core
collapse, bounce, and shock propagation for the progen-
itor models of 15M⊙ and 40M⊙ in Woosley & Weaver
(1995), utilizing the numerical code of general relativistic
neutrino-radiation hydrodynamics in spherical symmetry
(Sumiyoshi et al. 2005). In these computations, we em-
ploy the Togashi EOS (Togashi et al. 2017). Then, we
obtain profiles of the entropy and electron fraction inside
the shock wave as functions of the baryon mass coordi-
nate, which are adopted as the initial conditions of our
PNS cooling. Note that, although spherically symmetric
models do not yield explosions in general, the region be-
hind the stalled shock wave at some point in time can be
regarded as a PNS model after shock revival. For the pro-
genitor model of 15M⊙, snapshots when the shock wave
is stalled at the baryon mass coordinates of 1.47M⊙ and
1.62M⊙ are adopted and referred to as models 147a and
162a, respectively. For the 40M⊙ progenitor, snapshots
when the shock wave is at 1.62M⊙ and 1.78M⊙ are re-
ferred to as models 162b and 178b, respectively. While
the PNS models 162a and 162b have the same baryon
mass, the initial conditions are different.
For our PNS cooling, we employ a series of phenomeno-
logical EOSs. For uniform nuclear matter at zero tem-
perature, we express the energy per baryon as
w(nb, Yp) = w0+
K0
18n20
(nb−n0)2+S(nb) (1−2Yp)2, (1)
with the baryon number density nb and proton fraction
Yp. Here, the saturation density and saturation energy
are set to n0 = 0.16 fm
−3 and w0 = −16 MeV, respec-
tively. The stiffness of symmetric nuclear matter, for
which Yp = 0.5, is characterized by the incompressibility
K0. The density-dependent symmetry energy is written
as
S(nb) = S0+
L
3n0
(nb−n0)+ 1
n20
(
S00 − S0 − L
3
)
(nb−n0)2,
(2)
with the coefficients of the symmetry energy S0 and its
density derivative L at the saturation density. Here,
the symmetry energy at the density of 2n0 becomes
S00: S(2n0) = S00. To construct the finite-temperature
EOS, we include the contribution of thermal effects eval-
uated using the ideal Fermi gas model, where the nu-
cleon effective mass is a free parameter. Furthermore,
our EOS shares the subsaturation-density region contain-
ing inhomogeneous nuclear matter with the Shen EOS
(Shen et al. 2011). Note that our EOS is described in
detail in our previous paper (Nakazato & Suzuki 2019).
So far, the properties of nuclear matter in the vicinity
of the saturation density have been probed in several ter-
Fig. 1.— Mass–radius relations of cold neutron stars for our
EOS models. Symbols denote the mass and radius of cold neutron
stars with baryon masses of 1.47M⊙ (blue), 1.62M⊙ (green), and
1.78M⊙ (red).
restrial experiments. In particular, for symmetric nuclear
matter, experimental data on isoscalar giant monopole
resonance suggest that K0 lies around 230 MeV or
250 MeV (Shlomo et al. 2006; Garg & Colo` 2018). On
the other hand, for asymmetric nuclear matter, the val-
ues of S0 and L inferred from nuclear binding energies
are correlated (Kortelainen et al. 2010; Lattimer & Lim
2013). They have been indicated to be 30 MeV ≤ S0 ≤
32 MeV and 40 MeV ≤ L ≤ 60 MeV if other experi-
mental constraints are also considered (Tews et al. 2017).
To approach the symmetry energy at supranuclear densi-
ties, observations of neutron stars are advantageous. Ac-
cording to Zhang & Li (2019), the symmetry energy at
2n0 is constrained to 46.9 ± 10.1 MeV using the data
of GW170817. On the basis of these constraints, we
calculate the structure of cold neutron stars using our
EOS models and select the models that have a reason-
able mass–radius relation. Incidentally, some models are
inappropriate owing to the maximum mass of neutron
stars being considerably smaller than the observations
(Arzoumanian et al. 2018; Cromartie et al. 2020).
In Figure 1, we show the mass–radius relations of
neutron stars for the EOS models selected in this
study. Here, we examine the values of K0 = 220, 245,
and 270 MeV. For the symmetry energy S(nb), we
employ the models with (S0, L, S00) = (30, 35, 35),
(30, 35, 40), (30, 35, 45), (30, 35, 55), (31, 50, 40),
(31, 50, 45), (31, 50, 55), (32, 65, 45), (32, 65, 55), and
(33, 80, 55), in units of MeV. Thus, for all possible com-
binations of K0 and (S0, L, S00), we consider 30 models
in total for the zero-temperature EOS. The neutron
stars constructed in our EOS models have different
radii ranging from 11 km to 13 km for typical masses.
Nevertheless, the gravitational mass is insensitive to the
EOS and is about 1.33M⊙, 1.44M⊙, and 1.57M⊙ for
neutron stars with baryon masses of 1.47M⊙, 1.62M⊙,
and 1.78M⊙, respectively (Figure 1).
The effective mass of nucleons is a key ingredi-
ent in characterizing the finite-temperature EOS. It
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Fig. 2.— Luminosity of emitted ν¯e as a function of time for the
PNS models of 147a (upper left), 162a (upper right), 162b (lower
right), and 178b (lower left). The black and purple lines correspond
to the cases with effective masses of u = 1 and u = 0.5, respectively.
was reported that the likelihood of supernova explo-
sion is increased for EOSs with a large effective mass
(Schneider et al. 2019). In our EOS, the effective mass
in units of nucleon rest mass is denoted by u and we
assume that neutrons and protons have the same value
of u. Furthermore, we do not deal with the density and
temperature dependences of the effective mass. Never-
theless, our EOS is advantageous for investigating the
thermal contribution due to the effective mass because
the dependences on the effective mass are separated from
the variation of the zero-temperature EOS. In this study,
we examine the cases with effective masses of u = 1, 0.75,
and 0.5 for each zero-temperature EOS. Thus, we employ
90 models of the finite-temperature EOS to perform the
simulations of PNS cooling.
3. RESULTS AND DISCUSSION
The light curves of ν¯e, which are the time evolutions of
neutrino luminosity, are shown in Figure 2 for the mod-
els with effective masses of u = 1 and u = 0.5 The PNS
models with a larger mass have a longer timescale of
neutrino emission. This trend is qualitatively consistent
with a previous study (Camelio et al. 2017). The resul-
tant neutrino light curves become similar for the models
of 162a and 162b when the same EOS is adopted. This
fact means that the neutrino signal in the late phase is in-
sensitive to the initial profiles of the entropy and electron
fraction (Suwa et al. 2019). As reported in our previous
paper (Nakazato & Suzuki 2019), the decay timescale of
the neutrino luminosity is longer for the models with
larger effective masses because the thermal energy stored
in the PNS is larger.
As shown in the neutrino light curves obtained from
our computations (Figure 2), the PNS cooling is divided
into three phases. Firstly, the neutrino luminosity de-
creases steeply due to the rapid contraction of the PNS
because the neutrino luminosity is determined by the
surface area. Secondly, since the structure of the PNS
becomes almost stationary, the decrease of the neutrino
luminosity becomes slower, which is identified as a shal-
low decay phase in the neutrino light curves. In this
phase, the neutrinos trapped inside the PNS leak out
from the surface gradually. The neutrino light curve
of this phase is sensitive to the EOS (Pons et al. 1999;
Nakazato & Suzuki 2019) and we focus on this phase
hereafter. Finally, the matter in the PNS becomes neu-
trinoless β-equilibrium and the neutrino luminosity re-
duces steeply again.
In this study, the e-folding time of the ν¯e luminosity,
τν¯e(t), is introduced as
Lν¯e(t+ τν¯e(t)) =
Lν¯e(t)
e
, (3)
where Lν¯e is the ν¯e luminosity and e is the base of the
natural logarithm. Furthermore, we define the cooling
timescale of a PNS as the maximum value of τν¯e :
τcool ≡ max
t
τν¯e(t). (4)
In Figure 3, τcool is plotted as a function of the radius
of the cold neutron star for each EOS model. Here, we
can confirm that, whereas the PNS cooling is computed
for various EOS models with different incompressibilities
and symmetry energies, the cooling timescale is signifi-
cantly correlated with the radius of the cold neutron star,
and it is longer for an EOS model with a smaller neutron
star radius.
As described above, the cooling timescale is longer
for a model with a larger neutron star mass and a
smaller neutron star radius. This feature can be for-
mulated as bellow. The Kelvin-Helmholtz timescale is
given by τKH ≈ |Eg|/L∗, where Eg is the stellar gravi-
tational binding energy and L∗ is the stellar luminosity
(Kippenhahn & Weigert 1990). Since the luminosity is
proportional to the stellar surface area, we can suppose
τKH ∝ |Eg|
R2
, (5)
where R is the stellar radius. In the Newtonian case, it
is rewritten as τKH ∝ M2/R3 because of |Eg| ∝ M2/R,
whereM is the stellar mass. Thus the timescale is longer
for stars with larger mass and smaller radius. However,
for extending it to the neutron star with the mass of m
and radius of r, we consider the following two relativis-
tic effects. Firstly, a factor of 1/
√
1− 2β is multiplied
due to the time dilation being β = Gm/rc2, where c
and G are the velocity of light and the gravitational con-
stant, respectively. Secondly, |Eg| ∝ M2/R is replaced
by the relativistic binding energy of the neutron star Eb.
Therefore, assuming that the cooling timescale of PNSs is
evaluated by the Kelvin-Helmholtz timescale, we obtain
τcool ∝ Eb
r2
√
1− 2β , (6)
instead of Eq. (5). According to Lattimer & Prakash
(2001), the binding energy of neutron stars is approxi-
mated for a large class of EOSs as
Eb
m
=
0.6β
1− 0.5β . (7)
Substituting Eq. (7) into Eq. (6), we can express the
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Fig. 3.— Maximum e-folding time of ν¯e luminosity as a function of the radius of the cold neutron star r in the cases with an effective
mass of u = 1 (left), u = 0.75 (center), and u = 0.5 (right). Blue, green, orange, and red symbols correspond to the PNS models of 147a,
162a, 162b, and 178b, respectively.
Fig. 4.— Maximum e-folding time of ν¯e luminosity as a function
of f(m, r) ≡ (m/1.4M⊙)2(r/10 km)−3(1 − 0.5β)−1(1 − 2β)−1/2.
Gray and purple symbols correspond to the cases with effective
masses of u = 1 and u = 0.5, respectively. Lines show the theoret-
ical formula of Eq. (8).
cooling timescale as
τcool = τ
∗
(
m
1.4M⊙
)2 ( r
10 km
)−3 1
(1− 0.5β)√1− 2β ,
(8)
with a coefficient τ∗. Actually, as shown in Figure 4, we
find that the cooling timescale of PNSs obtained from
our simulations can be faithfully described by Eq. (8)
with τ∗ = 37.0 s, 35.2 s, and 33.7 s in the cases with
effective masses of u = 1, 0.75, and 0.5, respectively.
If the cooling timescale is measured by the future de-
tection of supernova neutrinos, it will be useful to probe
the mass and radius of a newly formed neutron star.
For example, in our previous paper (Nakazato & Suzuki
2019), we have computed the PNS cooling of the model
with a baryon mass of 1.47M⊙ for the EOS model pro-
posed by Lattimer & Swesty (1991) with an incompress-
ibility of 220 MeV (LS220 EOS), and we have obtained
τcool = 21.8 s. The relation betweenm and r given by Eq.
(8) for this case is shown in Figure 5 with the mass–radius
relation of neutron stars for the LS220 EOS. The inter-
Fig. 5.— Neutron star mass and radius obtained from Eqs. (7)
and (8). Dashed line and band respectively correspond to Eqs. (7)
and (8) for the examples of the PNS models with a baryon mass
of 1.47M⊙ and the LS220 EOS. Red symbol denotes m and r for
the cold neutron stars corresponding to this example and black
lines are the mass–radius relations of the Togashi, LS220 and Shen
EOSs, from left to right.
section of them is consistent with the mass and radius of
this model (shown by the red point). Furthermore, this
model has Eb = 0.136M⊙ and the relation between m
and r given by Eq. (7) is also shown in Figure 5. Since
Eb corresponds to the total emission energy of supernova
neutrinos, both of τcool and Eb are measurements of su-
pernova neutrinos. Thus, by combining Eqs. (7) and (8),
we may be able to obtain constraints on the mass and
radius of the neutron star from the neutrino observation.
In practice, some uncertainties should be considered to
estimate the mass and radius of a neutron star applying
our method. In this study, the effective mass of nucle-
ons, which also affects neutrino opacities in the medium,
is treated as an unknown parameter. As seen in the dif-
ference between the models 162a and 162b (Figure 3), the
cooling timescale has a slight dependence on the initial
condition for the case with the large effective mass. Note
that the initial condition of the model 162b has a higher
entropy than that of the model 162a. While the en-
tropy is originally generated by the shock propagation in
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the supernova core, the convection smooths the entropy
gradient especially in the early phase (Roberts et al.
2012). Therefore, the convection would affect the cooling
timescale as well as the initial entropy. While we define
τcool with the luminosity of ν¯e, Eb is the total emission
energy of all neutrino flavors. Since energy equiparti-
tion among different flavors may not be achieved (Mu¨ller
2019), different types of detectors are needed to evalu-
ate the emission energy for each flavor (Laha & Beacom
2014; Nikrant et al. 2018; Li et al. 2018). In any case,
statistical uncertainties would be included when the su-
pernova neutrinos are actually detected. Then, for re-
ducing uncertainties, other constraints on the mass and
radius of neutron stars, such as a mass–radius relation
predicted by nuclear physics, are desired to be available.
Therefore, various approaches are certainly worth inves-
tigation.
4. CONCLUSION
In this paper, we have carried out a comprehensive sim-
ulation study of PNS cooling using 90 EOS models with
different incompressibilities, symmetry energies, and nu-
cleon effective masses. We have found that if the PNS
mass is fixed, the cooling timescale depends on the ra-
dius of the cold neutron star in the final state and the
nucleon effective mass, which is introduced to charac-
terize the thermal properties of the EOS. Furthermore,
we have presented a theoretical expression of the cooling
timescale that describes our numerical results faithfully.
The findings in this study suggest that, as well as the
total energy of emitted neutrinos, the decay timescale
will be useful to probe the mass and radius of a newly
formed neutron star. Actually, in our results for the
PNS cooling timescale, the dependence on the zero-
temperature EOS is encapsulated in a single parameter,
the radius of the cold neutron star r, while we have ex-
amined various EOS models. In general, since the inte-
gration and slope of a neutrino light curve should have
different dependences on m and r, they can provide a
complementary information as demonstrated in Figure 5.
For predicting m and r more accurately than this study,
some sources of uncertainties, such as nucleon effective
masses, neutrino opacities, and convection, need to be
considered. However, this paper will provide an impor-
tant and reliable basis for future work because Eq. (8)
does not depend on details of the cooling model.
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Sumiyoshi, Yudai Suwa, and Shoichi Yamada for valuable
comments. In this work, numerical computations were
partially performed on the supercomputers at Research
Center for Nuclear Physics (RCNP) in Osaka University.
This work was partially supported by JSPS KAKENHI
Grant Numbers JP26104006, JP17H05203, JP19H05802,
and JP19H05811.
REFERENCES
Abbott, B.P., Abbott, R., Abbott, T.D., et al. 2018, PhRvL, 121,
161101
Arzoumanian, Z., Brazier, A., Burke-Spolaor, S., et al. 2018,
ApJS, 235, 37
Bionta, R. M., Blewitt, G., Bratton, C. B., et al. 1987, PhRvL,
58, 1494
Bruenn, S. W. 1985, ApJS, 58, 771
Burrows, A. 1988, ApJ, 334, 891
Burrows, A., & Lattimer, J. M. 1986, ApJ, 307, 178
Camelio, G., Lovato, A., Gualtieri, L., et al. 2017, PhRvD, 96,
043015
Cromartie, H. T., Fonseca, E., Ransom, S. M., et al. 2020, NatAs,
4, 72
Fischer, T. 2016, A&A, 593, A103
Garg, U., & Colo`, G. 2018, PrPNP, 101, 55
Hirata, K., Kajita, T., Koshiba, M., et al. 1987, PhRvL, 58, 1490
Keil, W., & Janka H.-T. 1995, A&A, 296, 145
Kippenhahn, W., & Weigert A. 1990, in Stellar Structure and
Evolution (Springer-Verlag, Berlin)
Kohyama, Y., Itoh, N., & Munakata, H. 1986, ApJ, 310, 815
Kortelainen, M., Lesinski, T., More´, J., et al. 2010, PhRvC, 2010,
024313
Laha, R., & Beacom, J. F. 2014, PhRvD, 89, 063007
Lattimer, J. M., & Lim, Y. 2013, ApJ, 771, 51
Lattimer, J. M., & Prakash, M. 2001, ApJ, 550, 426
Lattimer, J. M., & Prakash, M. 2016, PhR, 621, 127
Lattimer, J. M., & Swesty, F. D. 1991, NuPhA, 535, 331
Lattimer, J. M., & Yahil, A. 1989, ApJ, 340, 426
Li, B.-A., Krastev, P. G., Wen, D.-H., & Zhang, N.-B. 2019,
EPJA, 55, 117
Li, H.-L., Li, Y.-F., Wang, M., Wen, L.-J., & Zhou, S. 2018,
PhRvD, 97, 063014
Miller, M. C., Lamb, F. K., Dittmann, A. J., et al. 2019, ApJ,
887, L24
Mirizzi, A., Tamborra, I., Janka, H.-T., et al. 2016, NCimR, 31, 1
Mu¨ller, B. 2019, ARNPS, 69, 253
Nakazato, K., Sumiyoshi, K., Suzuki, H., Totani, T., Umeda, H.,
& Yamada, S. 2013, ApJS, 205, 2
Nakazato, K., & Suzuki, H. 2019, ApJ, 878, 25
Nakazato, K., Suzuki, H., & Togashi, H. 2018, PhRvC, 97, 035804
Nikrant, A., Laha, R., & Horiuchi, S. 2018, PhRvD, 97, 023019
Oertel, M., Hempel, M., Kla¨hn, T., & Typel, S. 2017, RvMP, 89,
015007
O¨zel, F., Baym, G., & Gu¨ver, T. 2010, PhRvD, 82, 101301(R)
O¨zel, F., & Freire, P. 2016, ARA&A, 54, 401
Pons, J. A., Reddy, S., Prakash, M., Lattimer, J. M., & Miralles,
J. A. 1999, ApJ, 513, 780
Pons, J. A., Miralles, J. A., Prakash, M., & Lattimer, J. M. 2001,
ApJ, 553, 382
Riley, T. E., Watts, A., Bogdanov, S. 2019, ApJ, 887, L21
Roberts, L. F. 2012, ApJ, 755, 126
Roberts, L. F., Shen, G., Cirigliano, V., et al. 2012, PhRvL, 108,
061103
Sato, K., & Suzuki, H., 1987, PhLB, 196, 267
Schneider, A. S., Roberts, L. F., Ott, C. D., & O’Connor, E.
2019, PhRvC, 100, 055802
Shen, H., Toki, H., Oyamatsu, K., & Sumiyoshi, K. 2011, ApJS,
197, 20
Shlomo, S., Kolomietz, V. M., & Colo`, G. 2006, EPJA, 30, 23
Steiner, A. W., Lattimer, J. M., & Brown, E.F. 2010, ApJ, 722, 33
Sumiyoshi, K., Suzuki, H., & Toki, H. 1995, A&A, 303, 475
Sumiyoshi, K., Yamada, S., Suzuki, H., et al. 2005, ApJ, 629, 922
Suwa, Y., Sumiyoshi, K., Nakazato, K., et al. 2019, ApJ, 881, 139
Suzuki, H. 1993, in Frontiers of Neutrino Astrophysics, ed. Y.
Suzuki & K. Nakamura (Tokyo: Universal Academy Press), 219
Suzuki, H. 1994, in Physics and Astrophysics of Neutrinos, ed. M.
Fukugita & A. Suzuki (Tokyo: Springer), 763
Tews, I., Lattimer, J. M., Ohnishi, A., & Kolomeitsev, E. E. 2017,
ApJ, 848, 105
Togashi, H., Nakazato, K., Takehara, Y., et al. 2017, NuPhA,
961, 78
Woosley, S. E., & Weaver, T. A. 1995, ApJS, 101, 181
Zhang, N.-B. & Li B.-A. 2019, EPJA, 55, 39
